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Abstract

:

A unique chemical analytical approach is proposed based on the integration of chemical radiophysics with electrochemistry at the catalytically-active surface. This approach includes integration of: radiofrequency modulation polarography with platinum electrodes, applied as film enthrakometers for microwave measurements; microwave thermal analysis performed on enthrakometers as bolometric sensors; catalytic measurements, including registration of chemical self-oscillations on the surface of a platinum enthrakometer as the chemosensor; measurements on the Pt chemosensor implemented as an electrochemical chip with the enthrakometer walls acting as the chip walls; chemotron measurements and data processing in real time on the surface of the enthrakometric chip; microwave electron paramagnetic resonance (EPR) measurements using an enthrakometer both as a substrate and a microwave power meter; microwave acceleration of chemical reactions and microwave catalysis оn the Pt surface; chemical generation of radio- and microwaves, and microwave spin catalysis; and magnetic isotope measurements on the enthrakometric chip. The above approach allows one to perform multiparametric physical and electrochemical sensing on a single active enthrakometric surface, combining the properties of the selective electrochemical sensor and an additive physical detector.
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1. What is an Enthrakometer?


It is well known that in order to measure microwave power (primarily, passing through) in waveguides using wattmeters, the “absorbing wall” method employs enthrakometers—thermosensitive film elements that are designed, in most systems, on the basis of a resistive platinum layer applied to a glass carrier, placed on the side wall of the waveguide with the sensor element in the center. This allows them to selectively absorb a small percentage of the power transferred to the selective load (as the resistance of the enthrakometer as a measuring structure is much lower than the active component of the load resistance) when the enthrakometer, a resistive element with thermal losses, is included into a circuit of a pre-balanced direct current (DC) bridge. The DC bridge becomes unbalanced when the film absorbs power during heating (relative to a similar element of thermal compensation, localized on the outer part of the waveguide and included in the bridge circuit), which provides the power indication.



Some authors define enthrakometer as the waveguide wall bolometer, which correlates with its metrological role in the temperature-mediated (according to the physical principle) “absorbing wall” method. In other works, the term “enthrakometer” is interpreted too broadly, meaning both film bolometers with Te-Zn and other sensors, and classical platinum Collard enthrakometers. (The first platinum enthrakometer as a measuring system was proposed by J. Сollard in 1946 as an alternative to the contemporary standard of an electroscope based on the gold sheets [1] that measured power [2], along with his other invention, the complex for measuring voltage in the centimeter range [3] with the help of an electroscope based on the gold sheets). Further parametric improvement of enthrakometers by commercial companies resulted in closing access to the information on the materials and methods of thin-film technology applicable in the manufacture of commercial sensor types [4] (cited in [5]). Therefore, when discussing enthrakometric methods, in most cases it is possible to confine ourselves to classical platinum Collard systems described in the works cited above.



It is also known that the surface of platinum is a classic material for polarography: the Geirovsky electrolyzer contains both a liquid metal mercury anode and a platinum wire. In oscillographic polarography, stationary platinum electrodes (in addition to Hg) are used as the indicator electrodes in the studies of the structure of compounds and adsorption phenomena. When using film mercury electrodes, platinum is taken as an inert substrate (in cases where it is undesirable to use a carbonaceous substance such as graphite or glassy carbon, or silver is inadmissible), on which a micron/decamicron Hg layer is applied. In inversion techniques with electrode measurements, in a number of crucially important cases, electrodes with a platinum substrate display the lowest substrate dissolution effect (hence, the lowest probability of intermetallide formation during electrolysis, which increases metal concentration in dilute solutions by two or three orders of magnitude). As a rule, platinum is selected when it is necessary to optimize the electrode material by the criteria of solubility in mercury and its wettability, and also chemical inertness in a given medium (again, to reduce the effects of the formation of intermetallic compounds with mercury or a detected metal). In polarographic methods, an alternative to the “mercury bottom” is inert Pt-electrodes, which are used as effective auxiliary electrodes with a highly developed active surface.



An alternative to the amalgam electrodes at high current densities is oxidation-reduction (so-called redox) electrodes, including platinum electrodes in a solution of Fe (II) and Fe (III) salts. When in the course of the experiment it is unacceptable to increase the thickness of the diffusion layer, and is undesirable to reduce the limiting current, a platinum rotating microdischarge electrode is preferable, and such microelectrodes are often used in oxidative polarography (in reducing polarography, it results in precipitation on the metal surface). Platinum electrodes in aqueous solutions are non-polarizable by definition; therefore, it is not possible to arbitrarily change the voltage without creating significant currents or to construct an analytic polarogram/voltammogram because of the catalytic (electrocatalytic) properties of platinum. This rather incomplete list of applications of platinum microelectrodes in polarography, according to the “PLAT_SPECTROPOLAR” database [6], indicates that enthrakometry in the microwave range can be combined with some polarographic techniques.




2. Microwave Enthrakometry in its Relation to Polarography


It is necessary to clearly understand what information can be extracted from the data of microwave enthrakometry in its relation to polarography. The fact is that there are no precedents when analytical polarography was implemented directly in the microwave range. Quite often, a superficial citing of the works on microwave sample preparation during polarography leads to a linguistic incident [7,8] because, in fact, microwave radiation does not participate in the process of polarography, and even at the sample preparation stage the microwave irradiation is nothing more than an alternative to conventional heat treatment with no consideration of the wavelengths [9]. Polarography with the so-called “fast scanning” operates classically in a range from kHz to tens of MHz [10], while modulation polarography operates in a range of several megahertz [11]. In the novel method of drop voltammetry with synchronous processing by the electromagnetic field, the frequency used is 55 MHz [12]. Methods of electrochemical radiofrequency purification [13], as a rule, also do not work in the microwave region. Analytics at the basic and second harmonics [14,15,16,17,18] do not change the physical nature of the process. From the metrology standpoint, the accuracy of polarographic measurements does not require microwave frequency, as the necessary improvements can be achieved without the frequency increase [19,20,21,22].



Therefore, introduction of microwave enthrakometry into polarography should be associated not with the need of the measurement accuracy, but with the additional effects introduced into the system at the same time. As stated above, there are several precedents for the use of microwave sample preparation in polarography (not in situ). However, in radiofrequency polarography (at lower frequencies than microwave bands), some studies established the temperature dependence of the lengths of polarographic waves [23]. Other studies that combined low-temperature oxidation with polarography have been widely cited until the last decade [24]. Combination of these data with generalizations published recently in the Journal of Thermal Analysis and Calorimetry [25] allows us to see the prospect of working with microwave frequencies in polarography as an activator of chemical processes. The extensive data on the microwave activation of electrochemical systems [26,27,28] no longer allows us to explain the results potentially observed under the given conditions purely by the thermal effects. Accordingly, if a new method for controlling excitation parameters is implemented, a new data pool will be obtained that can shed light on the processes leading to the activation effects.




3. From MW-Polarography to “Autowave” and “Self-Oscillating”


On the other hand, the chemical effects of these processes are of fundamental interest to microwave chemistry, and catalysis in microwave chemistry, especially electrocatalysis, in most nonstandard systems remains a largely unexplored region. Considering the high catalytic capacity of platinum described above, it is expedient to conduct studies taking into account the surface of the enthrakometer and its catalytic properties. Considering the growing interest in the catalysis on platinum surfaces, including the most exotic forms [29,30,31,32,33,34,35] and excluding the well-known examples [36,37], it becomes possible to use platinum enthrakometers to study the formation of intermetallides, the electrochemical synthesis of organometallic compounds, adducts, etc. Considering the emergence of self-oscillations in a number of reactions in the gaseous phase on the platinum surface [38,39,40,41,42,43], the use of platinum enthrakometers under gas flow in a multiphase catalytic cell allows one to speak about an “autowave” or “self-oscillating” catalymetry on the surface of an enthrakometer under microwave irradiation. This provides new parameters for complementary measurements and allows one to formulate an understanding of the active medium under microwave pumping as an activated source of nonstandard, nonequilibrium [44,45] surface catalytic processes in which the electrophysical characteristics of the substrate gain significance [46,47,48].



To solve these fundamental problems it is necessary to develop a system integrating the enthrakometer, polarographic modules, a microwave source, a set of modules for analyzing the microwave signal parameters, a subsystem for sample preparation and injection/introduction of the analyte and a gas medium inlet, controllers for sealed valves, etc. We propose abandoning the outdated modular approach and to hybridize on a single platform (in a single “lab-on-a-chip”) at least half of the above mentioned components.




4. Microwave On-Chip Systems: From Physics to Chemometrics


In regards to microwave research systems on a chip, we primarily have devices for microwave photonics in mind, including phase shifters [49,50], modulation and frequency discrimination systems on photonic chips [51,52], filters and phase shifters based on stimulated Brillouin scattering [53,54,55], and microwave frequency synthesizers based on the Brillouin oscillators on a chip [56]. In other cases, we mean the on-chip electron manipulation systems [57,58] (including the systems for manipulating single electron spins [59], with earlier analogues implemented by tunneling microscopy and micromanipulation [60,61,62]), and on-chip atomic clocks [63].



At first glance, there is a significant difference between microwave chips and on-chip devices, on the one hand, and chemical labs-on-a-chip, on the other. However, this is not quite true for several reasons. Firstly, the degree of integration of on-chip microwave systems (microwave electro-optomechanical devices [64], combining fermion communications, microwave cavity resonators and quantum dots [65], and similar chips) is increasing so that it allows one to control and modulate a number of parameters on a chip, including those related to the analytical signal outside the microwave band.



Secondly, new microwave chips with a chemometric orientation have appeared that can be used in studying the physicochemical properties of the substance/analyte and the processes in it—radio frequency spectrum analyzers (640 Gb/s—microwave band) on photonic chips [66], radiometers in the system-on-chip (SoC) format [67], photonic devices with optical delay and signal processing on complementary metal–oxide–semiconductors (CMOS) [68] (note how widely CMOS matrices are used as detectors in standard labs-on-a-chip [69,70,71], including those hybridizing optical and electrochemical methods of analysis [72], in addition to CMOS controllers and CMOS-based power supplies for analytical microfluidic labs-on-a-chip [73,74]).



Thirdly, there are “quantum-mechanical labs-on-a-chip” [75], based on the same fundamental principles as on-chip microwave photonic devices. Fourthly, channel addressability, typical of microwave electronics, is used in microbiological microwave labs-on-a-chip, in particular, with wireless selectively addressable heating during sterilization on a chip and in a centrifuged microfluidics [76]. This is the reason for bringing microwave microelectronics and microfluidics closer in the form of creating multifactor chips or labs-on-a-chip that synchronously perform the functions of physico-chemical analysis and microwave preprocessing with multiparametric correlation control of the former and the latter by electrophysical/electrochemical methods.




5. From On-Chip Voltammetry to On-Chip Microwave Electrochemistry


Voltammetric labs-on-a-chip (which are the closest to standard polarography, especially in the case of “stripping voltammetric detection” [77]), used in analytical or bioanalytical applications [78,79], usually for detecting the metal concentration in a sample (in the case of biological samples – either as microelements or as toxins) [80,81,82,83], are a classic example of implementing electrochemical analytics with metal electrodes on a microfluidic/microanalytical chip (often fabricated by the microelectronic methods using the techniques of isotropic or anisotropic etching, photolithography or electron beam lithography, etc.). Therefore, even if the rational possibility of implementing a microwave source on the same chip in the form of a resonator [84] is discounted, the microminiaturization of electroanalytical and microwave procedures on a single chip obtained using microelectronic techniques, can obviously be achieved. In this case, the only conceptual issue is not the technical implementation, but the value of the electrochemical data that is obtained in the microwave band. As there is no polarography in the microwave band, as it was pointed out in the previous section, a broader search concept should be used—microwave electrochemistry.



The first principles of the latter allow one to predict or interpret the data from on-chip enthrakometric catalymetry and on-chip enthrakometric oscilloscopic (using stroboscopic microwave oscilloscopes) microanalytics in general. Wikipedia states (and, unfortunately, this statement is frequently cited in publications) that microwave (microwave-stimulated) electrochemistry was established only in 1998, when F. Marken and Richard G. Compton integrated platinum wire into the cavity of the microwave resonator in an electrochemical cell [85]. This is partially true, as similar work was carried out before, while the first English-language papers really became available in this period. For example, microwave photoelectrochemistry or electro-photochemistry go back to 1993 [86], and the review of 1999 on this topic referenced mainly links from the 1980–1990s to 1998 [87]. Microwave electrochemistry is essentially capable of operating with locally superheated liquids—electrolytes of different phase composition (two-phase and multiphase systems) and heterogeneous, partially structured soft-matter media such as micellar systems [88,89].



The implementation of microwave electrochemistry on a chip is associated with the microminiaturization of its electrode part (without exceeding the permissible size for the microwave bands). In this connection, the development of micrometer-sized electrodes for microwave electrochemistry is worth studying [90]. Undoubtedly, due to the heterogeneity of the electrophysical phenomena and the physicochemical mechanisms in different microwave subbands, this can only be considered as a pioneering work. However, Hbhhjh this research provided proofs for two important principles. Firstly, being essentially a physical sensor in catalymetry, such an electrode as an enthrakometer is a potential activator at the stage of studying microwave-chemical kinetics (catalyst, electrocatalyst), that is, in one electrode it can combine a chemically active and physically-passive (receiving and detecting) function on a single chip. Secondly, if we consider electrode matrices as antennas, then a certain compatibility with a wavelength is required.



Moreover, if we use an electrode-enthrakometer as a power sensor that is not synchronized with the radioelectronic measuring system (which follows from the physical problem), then this is not obligatory. Hence, it is possible to implement sources and detectors for wavelength bands on a chip that do not correlate rigidly with the chip size. This possibility depends on whether it is planned to investigate not only thermal, but also selective (radio-frequency, magnetic resonance, etc.) effects during the experiment.




6. Towards Combined Electron Spin Resonance and Polarographic Chip/Pt-Electrode Enthrakometer Measurements, including MW-Field Electrophoresis


In connection with the above remark, one should point out the experience of combining measurements on polarographic electrodes with EPR methods in the microwave region (L-band, 1.2 GHz) in physiological and biochemical experiments [91], as well as the precedents of electron spin resonance monitoring of radical generation in electrochemical aqueous systems [92]. In the 1980s, for such measurements, specialized fittings with thermal regulation were developed [93] in full agreement with the prevalent ideology of the empirical separation of thermal and nonthermal effects on a chip when electrocatalytic enthrakometers are used. It should be noted that the Pt-containing electrode was used in [91]: PtO2 is the Adams catalyst used for reduction and hydrogenolysis in organic synthesis (as platinum dioxide hydrate). The thermal effects of the boiling type and the appearance of jets in microwave voltammetry [94] are purely thermal, and therefore do not fall within the specific impact of microwave subbands.



Therefore, the so-called “microwave enhanced electroanalysis”, carried out in particular on Pt-electrodes [95], can be performed on them as on enthrakometers in the range of thermal effects, only non-selectively to the effect of specific bands/wavelengths. Differential measurement methods with reference to the wavelength and thermal effect are recommended to be carried out using electrodes of different heat capacity.



The so-called generator-collector voltammetry at paired electrode junctions [96] can, with modification and certain additions, be implemented within this task. In this connection, it is worth considering on-chip two-electrode capillary electrophoresis with a platinum wire as a pseudo-reference electrode [97], as capillary electrophoresis is used as a tool for microwave-activated electrochemical detection [98], but at the same time, microwave-activated electrophoresis has not yet been implemented on a chip.




7. On the Way to the Multilayer Microfluidic Polarographic Catalymetry


Polarographic catalymetry is an analytical method where parallel to the measurements, the analyte precipitates on the platinum electrode, changing the detector parameters. To eliminate this problem, chemists often use rotating platinum electrodes and a limitation on the analysis polarity (using them only in oxidation schemes, as, in the reducing conditions, the sediment on the electrode surface is formed). In the case of using microfluidic technology that combines the properties of an analytical sensor and a microreactor, it is possible to treat sedimentation not only as a problem but also as an opportunity to introduce an adaptive manufacturing process in which the properties of the enthrakometer surface exposed to microwave radiation are controllably modified during its operation on a chip. Moreover, it is possible to create rotational sensor systems (similar to centrifugated and so-called “spin-coating-assisted” planar microfluidics) based on the rotation modes of the Pt-electrode-bearing platform in the microwave device. It is well known that platinum is widely used as a sublayer/underlayer for film deposition [99]. Sedimentation and growth of other metals on the platinum electrode are controlled by electrochemical methods, in particular, by cyclic voltammetry [100,101], synchronously with methods based on non-electrochemical principles [102]. As a consequence, it is possible to combine electrochemical catalymetry on platinum electrodes and microwave enthrakometric catalymetry in a single device.



Due to inertness and the corresponding activation barrier, magnetron sputtering on platinum is less effective for a number of structured films with a perovskite-like structure than for other inert substrates/carriers (300 °C for Au versus 650 °C for Pt [103]). This is confirmed by the morphology of the films and the results of X-ray diffractometry and X-ray photoelectron spectroscopy (XPS). However, the production of piezoelectric films based on similar technologies on platinum (and platinum-coated silica) substrates [103,104], in a multilayer technique allowing one to obtain capacitors with a very high dielectric constant, makes it possible to introduce new descriptors into the analysis performed by the modified enthrakometer in situ. Its surface properties are controllably changed in the course of the ongoing analysis. The change in surface-coupled properties alters the nature of the reactivity of the enthrakometer. The above compounds with a perovskite structure obtained by the magnetron sputtering methods [103] which can be controllably crystallized in a microwave field [104], are used in the design of triboelectric photodetectors (including hybrid ones with other materials) [105,106,107,108], gas sensors [109,110,111,112], and non-enzymatic sensors for a number of important biochemical agents (glucose, peroxide) [113,114], etc.



Despite the difference in the methods of production and technical processes in specific cases, it is possible to design an enthrakometric sensor with a complex of active properties in electrochemical processes at the microwave field. In this case, we do not consider non-chemometric applications (such as the design of mechanoelectrical transducers or acoustic sensors), but it is yet enough to confirm the possibility of on-chip implementation, in a microwave field, of multifactor chemical microanalytical techniques that require chemometric approaches to data analysis.




8. From On-Chip Microwave Chemical Measurements to Real-Time Microwave Analog Signal Processing/Analog Computations on the Enthrakometric Chip


Obviously, the development of chemometrically-interpreted techniques, in terms of microminiaturization and achieving a high degree of integration, requires as many operations on the chip as possible, preferably with delegating the functions, previously performed by the autonomous units, to the analytical part of the chip, at least in the analog form. In the case of microwave catalymetry, the operation of the digital element base may turn out (and it does) unstable, so the rationality of the transfer of its functions to the analog part of the chip increases. It is not noise immunity that is problematic, but the fact that a part of the functions usually stably implemented by the digital logic at the digital signal processing stage can be performed in the microwave field by the sensor itself as a result of the physical and chemical processes occurring in it.



This is not microwave computing in the standard form [115,116,117,118,119] (although the elements of the latter can be implemented on the chip), but rather an extended analogue of the popular R-ASP approach (“real-time analog signal processing”, also called microwave analog signal processing – MASP) [120,121,122,123,124], differing from it in that the microwave treatment operation on the chip is performed by a microwave-activated chemical medium, similar to the methods of computing and pattern recognition based on chemical self-oscillations in photoactivated active media [125]. Self-oscillations in catalytic regimes are also reproduced on the platinum surface of a thin-film enthrakometer [126,127,128], therefore implementation of the analog signal processing on an active Pt medium is theoretically possible.




9. From Oscillating On-Chip Computations to Microwave Chemotronics


The fact that active media performing operations based on electrochemical and catalytic principles are present among the microwave detectors demonstrates that it is possible to consider microfluidic chips using such detectors as analog chemotronic devices—a kind of hybrid chemotronic circuits. A real-time analog signal processing using chemotrons is possible: nonlinear function converters, integrators, relays, rectifiers, analog memory elements, amplifiers, peripheral output devices based on “chemotrons” are well known [129,130,131,132,133,134,135]. By the way, the founder of chemotronics, A.N. Frumkin, began his work specifically with platinum electrodes [136,137,138,139] and methods implemented using rotating electrodes [140], so the implementation of a number of methods developed by A.N. Frumkin, on platinum enthrakometers can be considered, to a certain extent, a continuation of the classical electrochemical methods of Frumkin’s school of electrochemistry.



At the same time, a significant drawback of the standard approaches of chemotronics is the low operation speed: the ions that are the charge carriers in chemotronics are 104–106 times less mobile than the charge carriers in semiconductor electronics. As a result, the boundary frequency range for the hemotronic devices is only 10−7–1 kHz. Overcoming this problem lies within the competence of the electrochemical or material science approach to the analysis of processes and deposited substances on the electrode, the enthrakometer, which implies the existence of two approaches to overcoming the problem, the “chemical” one (based on the selection of a suitable in situ modification of the electrode surface) and the “physical” one (based on the physical mechanisms of ion acceleration in the microwave field within the electrochemical active medium).



The substrate part of the problem consists of the fact that at room temperature the ion charge transfer in solids is insignificant with the specific conductivity σ < 10−10–10−12 Ω−1·cm−1 [141]. In this respect, the only “substrate” solution is the transition to the media with greater electrical conductivity, such as superionic conductors, whose electrical conductivity can be 10−1 Ω−1·cm−1. It was pointed out that compounds with a perovskite structure obtained by magnetron sputtering, which are controllably crystallizable in a microwave field [103,104], may be of interest for creating chemometric chemotron microwave chips (MW-chemotronic chips).




10. Microwave-Accelerated Charge Drift in Materials Science and Elionics


It should be noted that anti-perovskites, such as LiRAPs (lithium rich anti-perovskites), are superionic conductors [142,143,144], which belong to the perovskite-like type [145] (crystalline structure of antiperovskites is isomorphic to the perovskite structure, with the exception of the rearrangement of anions and cations in the crystal lattice). In this case, Pt-containing carbides of the antiperovskite type [146], being transition metal carbides used for producing electrodes with electrocatalytic properties [147], can be obtained by the microwave synthesis method [148]. The same is true not only for platinum compounds that are capable of melting in conditions of microwave processing at standard industrial technological frequencies, but also for the most refractory transition metal, tungsten [149], often used in electrochemistry for the assembly of metal oxide electrodes for redox potential measurements.



Taking into account the similarity of the methods for synthesizing platinum and platinum-doped materials with increased conductivity, including perovskite-type superconductors [150], it should be noted that non-precious metal carbides with Pt additives behave electrochemically as noble metals for the corresponding reactions, such as oxidation of hydrogen, carbon monoxide (capable of reducing Pt salts at solutions and increasing its chemical activity under microwave heating) and alcohols, as well as oxygen reduction [147]. In this connection, it can be assumed that thermal diffusion doping of the resulting superionic material with platinum can be achieved in situ directly with its microwave-induced formation on a platinum probe-enthrakometer that supplies energy (in fact, the power measured by it, as the integral of the instantaneous power for a period of time is equal to the total transferred energy during this time) to the microwave synthesis zone. This is also metrologically justified from the point of view of chemotronics [151], as numerous works using platinum as an electrode for wide-range/multifrequency measurements on superionic conductors support this view [152].



The physical part of the problem lies in the fact that the frequency dependence of the conductivity of solid electrolytes, superionic conductors, is determined by factors different in nature, associated with the mobility of ions, electrons, polarization phenomena and related processes. The reverse logic allows one to conclude that the microwave field can enhance the mobility of the charge carriers, including ions, thereby expanding the frequency range in which chemotronics can be used up to the high-frequency boundary determined by the possibilities of an accelerating source with the correction for decay/dissipation. If we consider the phenomenon of the ion intercalation (alloying/doping) in the microwave field (and under the action of this field), it can be compared with the technological processes of surface implantation.



However, “traditional methods of implantation are based on the ion acceleration in a vacuum and near-electrode layers of a glow discharge” [153] at low pressure, while at the same time at “atmospheric pressures convenient for electrochemical experiments to transmit energy exceeding thermal energy to surface ions by accelerating in a constant electric field is almost impossible” [153]. An alternative to this direction in surface implantation technologies, according to [153], is the acceleration of laser plasma ions in a microwave cavity.




11. From Microwave-Induced Charge Carrier Drift in Materials to Accelerator-Assisted Microwave Catalymetry and Accelerated Enthrakometric Catalysis


It should be noted that microwave methods are widely used in the collective acceleration of elementary particles in the context of the acceleration of quasineutral plasma by microwaves, and relativistic magnetrons are used in many applications to accelerate ions and generate and amplify microwave radiation. Taking into account the long-term (more than 50 years) international experience of working with masers and accelerators (including ion accelerators) based on cyclotron autoresonance (for example, see [154]), one can come to the conclusion that most of these methods directly relate to the possibility of accelerating surface and near-surface processes.



Strictly speaking, microwave acceleration in this case does not differ significantly from laser acceleration—the mechanism, commonly known as acceleration by a near-surface layer of heated electrons, which is based on the ionization of the surface layer by laser (or microwave field) up to the formation of high-density plasma.



To obtain quasimonoenergetic spectra of accelerated ions, gold/platinum films with a deposited layer of hydrogen or carbon atoms are used in such methods. It is easy to see the similarity and compatibility of these approaches with enthrakometric methods in the microwave field, and, in addition, with beam-activated on-chip catalymetry. Much experience has been accumulated since the 1940s–1950s [155,156] on the use of microwave radiation from different subbands in the acceleration of particles and the construction of microwave accelerators of particles of different types, beginning with klystron two-beam accelerators [157], microwave undulators [158] and conventional microwave linear accelerators [159], and ending with autoresonance (up to multimegawatt) aggregates [160,161,162], accelerators based on free-electron lasers, including inverse and narrow-band phase control ones [163,164], as well as inverse Cherenkov accelerators [165] (apart from microwave ion sources for accelerator mass spectrometry and Van de Graaff generators/accelerators as research tools [166,167,168]). These approaches and experimental data can, in the long term, be used to develop hybrid methods of “accelerating enthrakometric catalysis”, and also (taking into account the works on accelerators using thermionic cathodes for microwave installations [169] and the possibility of using platinum in impregnational and dispenser sputtered cathodes [170,171,172]) provide the prospects of using eroded enthrakometers and enthrakometric electrode chips in an alternating mode as the detector and the source alternately, depending on the polarity and geometry/topology of the supply path. This gives a new source of feedback for monitoring and regulating the state of both the chip and the induced/activated/accelerated chemotronic phenomena on it.




12. Microwave Acceleration of Chemical Reactions and Microwave Catalysis


Many chemical reactions are specifically (component- or product-selectively) accelerated by the microwave field [173]. Among the accelerated microwave chemical processes are many well-known reactions such as the Diels–Alder reaction [174], the Friedel–Crafts reaction [175], the reaction of N-arylation, phosphorylation [176], methylation of starch [177], methylation of phenols, indoles and benzimidazoles [178], metathesis of olefins [179], addition reactions in the synthesis of allyl amines [180], modern processes of the so-called “Click chemistry” with modified nucleic acids [181], and the Suzuki or Suzuki-Miyaura reaction [182]. The latter reaction is equifinal with the Sonogashira reaction, and the basic reaction processes and stages of the catalytic cycles of Sonogashira and Suzuki reactions (i.e., oxidative addition, trans-metalation, reductive elimination) are similar, being the processes catalyzed by NHC-palladium complexes.



Nevertheless, it is known that Sonogashira has investigated remetalation of copper acetylides in reaction with platinum. This process proved to be no less effective than the alkyne remetallation in the presence of palladium, and the resulting acetylides of platinum effectively interacted with terminal alkynes. Therefore, it is possible to conduct the above equifinal processes on catalymetric chips with platinum enthrakometers under conditions of specific acceleration by the microwave field. Reactions of the latter type may, in part, be described as autocatalytic, as the agglomeration mechanisms of the metal-catalyst involved in the remetallation (e.g., Pd), are autocatalytic and indifferent to the introduction of the additional amounts of catalyst (therefore there is no need to replace the enthrakometer) [183,184,185].



The most recent studies have shown that acceleration of many chemical reactions by microwave irradiation cannot be achieved by conventional heating under otherwise identical temperature conditions. Hence, the interaction between the microwave radiation field and the catalyst itself is responsible for the catalytic effect [186]. Some authors suggest the decrease in the apparent activation energy is the main mechanism of the microwave-induced enhancement of the reaction rates [187], while others attribute the microwave-specific effects to selective heating [188] and emphasize the unique features of heat and mass transfer processes under microwave irradiation [189]. However, despite the controversial explanations of the nature of the above phenomenon, microwave acceleration of chemical reactions has recently found many scientific and industrial applications [190]. Microwave-assisted heterogeneous catalysis has also made a significant contribution to the area of green and sustainable chemistry, especially solid acid/base catalysis and transition metal-catalyzed reactions in organic synthesis [191]. All of these areas can benefit from application of the enthrakometer lab-on-a-chip systems operating both as power meters and catalymetric instruments.



Methods and technologies of microwave catalysis, in most cases, are liquid-phase processes and processes on interfaces with a solid phase. They should not be confused with the methods of radiofrequency catalysis in the gas phase, which are, rather, an exception to the rule rather than a separate direction of accelerating the chemical reactions [192,193,194,195]. Indeed, most relevant technologies for gas-phase radiofrequency stimulation of reactions, first, operate in the wavelength/frequency bands corresponding to energies not exceeding 1 millielectron-volts; secondly, they do not have a reasonable non-contradictory physical explanation of the effects observed and are not reproduced in a number of repetitions; and thirdly, are know-how or patent property of the companies that registered them, or the authors of the inventions, as a result of which they may contain a number of purposeful distortions (including misinformation against “technical espionage”). All this reduces the heuristic value of public descriptions of these methods to zero.




13. Chemical Generation and Reception of Radio- and Microwaves and Microwave Spin Catalysis


Buchachenko and Frankevich in 1994 explained the effects of the generation and action of radio- and microwaves in physicochemical processes in the monograph “Chemical Generation and Reception of Radio- and Microwaves” [196]. In accordance with the ideas of chemical radiophysics [197], reactions can not only be accelerated by the radio-frequency field, but can also be a source of the radio-frequency field with the frequency predictable from the first principles. Academician A.L. Buchachenko from the Russian Academy of Sciences was the first to develop this concept as well as a chemical maser based on these principles [198,199]. Within the framework of microwave spin chemistry, the effects of “microwave catalysis” in a large number of cases are reduced to the phenomena of the so-called “spin catalysis”: microwave pumping of radical pairs induces electron-spin transitions, and when the frequency coincides with the frequencies of magnetic resonance transitions (electron spin resonance) in radicals, spin conversion is accelerated and the yield of the products is increased. The nuclei orientation serves as a criterion of selective impact and specificity with respect to individual reactions (pumping at the frequencies of the components of the hyperfine EPR spectrum structure). In such “microwave-catalyzed” reactions, irradiation stimulates the formation of molecules with a definite spin orientation. It is also possible to catalyze the fractionation of isotopes in the microwave field—the so called microwave magnetic isotope effect [200].



Therefore, at present there is a prospect for creating a microwave-controlled chemical microfluidics in the format of spin catalysis microreactors, in which the functions of both detection and induction will be performed by the same chemical radiophysics principles, which ensure both reception of a microwave signal at the molecular level, and the generation of characteristic radio signals. In catalysis on metals and metal complexes when radical or ion-radical pairs are generated, metals or metal complexes are able to work as spin catalysts [201,202]. Therefore, one can assume that platinum of the enthrakometric chip can also participate in spin catalysis.



According to the literature sources, spin catalysis on platinum is observed in many classical methods associated with the use of platinum as a conventional catalyst: when methane and hydrogen are activated on platinum [203,204], in the oxidative decarboxylation of glycine in a magnetic field [205], etc. Given that one of the leading authors in this field is also the author of many works on platinum compounds [206,207,208,209,210,211], we may consider the source of ideas about the role of Pt in spin catalysis in these reactions as reliable and relevant.




14. Towards Microwave-Controlled Magnetic and Isotope Ion Spintronics


The microwave magnetic isotope effect, potentially implementable on a chip, intended for enthrakometric measurements (or, more precisely, in the material of the chip [212]) can be used to create fundamentally new types of devices for “microwave-controlled magnetic and isotope ion spintronics” or “microwave isotope spin ionics”. It must be said that these trends, though seemingly exotic, are the logical continuation of the well-developed areas. For years, microwave spintronics (performed using magnetic resonance methods [213]) has been published in world-leading scientific journals [214].



The EU allocates sufficient funding on microwave spintronics projects not only for the fundamental, but also for the applied research. In 2013–2016, the European Commission financed in the framework of the CORDIS project “Microwave Spintronics as an Alternative Path to Components & Systems for Telecommunications, Storage & Security Applications” (program FP-7; FP-7-ICT-2011-85) under the ICT-2011.3.1 heading “Very advanced nanoelectronic components: design, engineering, technology and manufacturability”) [215]. In the Russian Federation, applied microwave spintronics is promoted by the “Laboratory of Physics of Magnetic Heterostructures and Spintronics for Energy-Saving Information Technologies” of the Moscow Institute of Physics and Technology under the leadership of A.K. Zvezdin. In 2014, his laboratory proposed microwave spintronics for analyzing the spectral response of magnetic generators to the constant and high-frequency (up to 14 GHz) excitation signals [216].



On the other hand, “isotope spintronics” or “magneto-isotopic spintronics” have not yet been established as current trends, and therefore can be considered as future directions of development. For example, isotopically engineered spintronic materials for nuclear spin quantum computers are a field of intense interest within the NATO research programs [217]. Professor J.J. Morton from the London Center for Nanotechnology received a grant for the project “Quantum spintronics using donors in isotopically engineered silicon” (EP/H025952/2) [218], which was successfully completed in 2013. This project generated a number of works, which brought spintronics on a standard element base of microelectronics to an isotope-manipulatable format.




15. From Magnetic Isotope On-Chip-Spintronics to MW-Nanospin-Ionics


In contrast to spintronics, or spin electronics (a field of quantum electronics, based on spin-polarized transport or, as is often formulated, spin current transfer), the spin-based branch, which uses ions instead of electrons, belongs, by definition, to spin ionics, but not electronics. This fact significantly increases the novelty of our concept proposed, as the microwave or spin ionics on an active chip are a new trend, and the isotope aspect of the problem until recently has never been studied. The recent works on spin ionics were performed on the same carriers that were used by the authors of this paper [212] in the microwave field. However, the standard spin ionics does not imply the use of the microwave field.



The mechanism of cohesion between ionic conductivity and magnetic ordering proposed in [219] is related, in particular, with a phase transition with a charge transfer, ferroelectric dynamics, and reversible photomagnetism accompanied by high ionic conductivity. These emerging properties satisfy the requirements for the conceptual complexity of models that describe self-organizing systems in high-energy physical chemistry. Therefore, this approach can be implemented on a chip with a bolometric cell, and the enthrakometer, by definition, is a bolometric sensor in the microwave range. It follows that it is possible to implement specialized spin-ion bolometers on an enthrakometric chip in order to analyze magnetic isotopy and control it in real time as an alternative to spin current transfer/spin-polarized transport “controllability” in electronic systems. Currently, there is a transition from spin-ionics per se [219,220] to nano-spin ionics (2016 project “Development of nano spin-ionics” by Yu Masaki Mizuguchi, FY 2014-2016 (Grant-in-Aid for Challenging Exploratory Research), Japan [221]), which fits the concept of microminiaturization of measuring and analytical devices well and the formation of a new culture of measurements—on-chip metrology, “labs-on-a-chip” (LoC).




16. Enthrakometric Chips and LoCs as 3D Hybrid Integrated Circuits


Enthrakometric chips, as well as film bolometers, operate on the same principle based on the change in resistance of the metal film under heating by microwave power. Therefore, enthrakometric chips can be interpreted as films, or, more precisely, as hybrid film integrated circuits. The surface relief (“Collard’s meander” in radio engineering terminology) is formed in a similar way to the film integrated circuits, by repeated deposition of the metal films (gold, platinum—when the classical design of the gold leaf enthrakometer-electroscope and the Collard enthrakometer, respectively, is reproduced above) on a substrate. In standard enthrakometric measurements, any properties of the deposited layer apart from those participating in detection (of both absorbed power, measured in the same way as in the case of conventional—bolometric—power measurements and of the ratio between the absorbed and the passing power because a classical enthrakometer measures the passing microwave power) can be neglected, because the enthrakometer does not perform any other operations on the incoming microwave signal and, according to an equivalent circuit, does not interact with other devices that change the nature of the response.



In our case, when the enthrakometer is introduced as an element of a microfluidic catalymetric system with its own electrochemical characteristics that change the character of the bolometer or enthrakometer with which the substance interacts as with a microelectrode, the properties of the deposited layer cannot be disregarded because each electrochemical configuration with known frequency and impedance characteristics corresponds to a certain equivalent scheme. For sputtered film enthrakometers, this has been demonstrated on a frequency response analyzer (FRA) and an equivalent circuit analyzer with differential coulometry spectroscopy (DCS) options and structural electrochemical circuit modeling software, although not at microwave frequencies, as the latter requires costly and, unfortunately, inaccessible composite analyzers (for example, E5061B-3L5 type, option 005) that measure impedance in up to a 3-GHz range and analyze equivalent circuits. Therefore, unlike the enthrakometer as a sensor in conventional bridge circuits, the enthrakometer as an active element in contact with systems with a double electrical layer (considered as a capacitor) and an “electrochemical load” in the form of systems exhibiting various electrochemical impedance spectroscopy (EIS) results must take into account the equivalent circuits of these structures, as if they were included in the hybrid microcircuit at the stage of its operation.



For example, theoretical analysis and design of microwave microassemblies, including non-standard microassemblies, in the former USSR since 1976, have been regulated by the Industry Standard OST 4G0.010.201 (version 1-75, OST 4G0.010.018) “Design of the Microwave Microassemblies”. There are many accessible works on the topic of developing analog integrated microwave devices and feedline couplers/match boxes for hybrid microwave circuits [222,223]. However, it should be noted that the enthrakometer with electrochemically deposited layers is not considered as a planar film structure with a simple equivalent circuit, but only as a three-dimensional microwave integrated circuit with inhomogeneities and “sandwich-type” elements [224]. The enthrakometer as a power attenuator cannot be a source of accurate data on the measurement of the absorbed power. However, it is necessary to take into account the power absorbed by the layers on the enthrakometer surface or in the circuits. If the circuits are present, they should be accounted for in any measurements related to the attenuation data. The “self-consistency” of errors, or the fact that attenuation measurement error during instrument calibration (by methods associated with the attenuation measurements) turns into its systematic error, should be treated as a compensating factor.



When a microfluidic chip is positioned on a plane, normal to the waveguide axis, it shunts the waveguide with active resistance close to the wave resistance, which ensures good chip matching. However, the analysis of the observed phenomena must consider the medium deposited on a chip. This, in particular, requires taking into account the temperature gradient related to the redistribution of the absorbed power density in accordance with the chemical composition or the structure of the test substance, as well as the difference in the amplitude of the electromagnetic wave in the enthrakometer heating zones and in substances located on it. This can be partly calculated using different software: for the “initial” enthrakometer, high frequency structural simulator (HFSS) software or its analogs are used.




17. Separation of Thermal and Non-Thermal Effects of the Microwave Field in MW-Induced Self-Organization Processes on the Surface of Enthrakometric Chips


Among factors that affect the distribution of amplitudes and radiation patterns at the enthrakometer on a chip and the chemical system on it are: different (but correlated with the wave direction) nature of the structures in the microwave-induced self-organization processes (first observed by Gradov’s group in 2009–2012, but interpreted too broadly, with no correlation with the angular characteristics and some errors in data interpretation [225]); and the effect of radiation patterns on the efficiency of microwave thermal analysis of some anisotropic-heterogeneous structures on a chip [226]. Other criteria for the microwave-induced self-organization on a chip include the standing and traveling wave coefficients, as well as the attenuation coefficient [227], which also affect the medium temperature, spatially modulate the amplitude of the wave, and determine the heat transferred to the system.



A specific device for simultaneous monitoring of different parameters during microwave-induced self-organization in the active colloidal media has been recently developed by Gradov’s group. To establish correlation between the thermophysical efficiency of the medium heating (due to the absorbed power) and the physical parameters of the magnetron used in the initial experiments to produce effects of the microwave-induced self-organization, a monitor panel for the above parameters was developed and connected to a multichannel analog-to-digital converter (ADC). The monitor panel included: a kilovoltmeter (as the secondary winding of the high-voltage transformer as well as the voltage doubling circuit on a high-voltage capacitor generate voltage up to ≈ 4 kV to power the magnetron anode), a thermometer (300 °С to 900 °С range for the cases of microwave melting and BSD-like technologies {Black Solar Dom, LG} for processing soft matter), a milliammeter (as the anode current reaches ≈ 300 mA), and a decibelmeter (to analyze attenuation in special cases [227]). In addition to the dial gauges with the characteristic inertia, the panel includes buttons (switches, in the earlier version) to transfer the signal to the ADC.



Besides impedance spectroscopic analysis and microwave measurements, the above electrochemical/microwave photochemical [228] analyzer (based on the analogy between microwave photochemistry/microwave optoelectronics with microwave electrochemical induction in self-organization processes on a chip, and photochemistry/optoelectronics in UV-NIR regions in reaction-diffusion processes on chips with the excitation sources in the above bands [229]) allows one to quantitatively characterize self-organization processes in the microwave field by a number of complementary descriptors, providing one-to-one correspondence of their pools with the results of the self-organization processes on a chip (in the ideal case, with the positional sensitivity, given the reaction-diffusion nature of self-organization.




18. Towards Multiparametric Chemosensing and Physico-Chemical Sensing on the Collard Enthrakometer Surface


The possibility of using recording elements with an active surface, such as platinum enthrakometers, as catalymetric electrodes or solid-state chemotronic elements for measurements in a microwave field were considered above. However, the range of enthrakometric measurements and the nomenclature of the corresponding variables are limited. As a result, the users of systems designed to measure processes on the active surface of enthrakometers generally do not receive comprehensive information about the mechanism of microwave-induced or microwave-activated processes in the medium under investigation. Particularly important is the lack of knowledge on complementary descriptors in biophysical studies and in studies on microwave-induced self-organization in heterogeneous media or composite structures, known to have a multifactor response and a certain structural and chemical selectivity for microwave pumping [225].



It is obvious that self-organization of structures is characterized not only by the power of the microwave effect inducing or activating the structure formation, but also by the mechanical and microhydrodynamic displacements in the medium, by stretching and compression in zones of differing composition and structure, by isotropy distortions (anisotropy) and the appearance of oriented or asymmetric nonequilibrium structures under the external fields (in particular, in the magnetic field under magnetron treatment on iron-containing particles [230], including microwave-generated structures, which are initially absent in the precursor). In such cases, the configuration of the microwave field determines the shape of the gradient fields of the newly-forming particles, or of both particles and aggregated structures on their basis [231].



A complex study of the processes on enthrakometric chips should imply not only the power measurement (equivalent to the measurements on a bolometer, which, like the enthrakometer, is included in the bridge circuit to indicate the absorbed power) and, in rare exotic cases, catalymetry, but also tensometry of the medium (when the tensor-resistive method requires the use of the Wheatstone bridge) and magnetometry (for the processes in which a magnetron or analogous magnetron-type devices are a microwave source: the platinotron that differs from the magnetron in the topology of the open-loop resonator system; the amplitron equivalent to the platinotron in a microwave amplification mode; and the stabilotron, different from the above by the presence of additional devices in the generator circuit, which provides positive feedback). Obviously, in order to establish accurate correlations between the effecting factors, intermediate factors that appear in the medium under microwave treatment, and the resulting factors, which are the consequence of the first two, but which, being a response, differ from them both qualitatively and energetically, one should conduct measurements on a single instrument—without changing the sensor (which, in case of using the active surface is impossible and affects the process) and the relative shift of the sensor and the measured object. This requirement for the analysis of heterogeneous self-organizing systems is related in particular to the need for a position-sensitive measurement and establishment of localization and mutual colocalization (spatial correlation) of the microwave power and temperature, on the one hand, and the resultant properties (magnetic, tensometric, etc.), on the other hand.



To analyze the possibility of combining such measurements on a surface of a single chemosensor, an enthrakometer, one should turn to the topology of the simple platinum and gold Collard enthrakometers [1,2,3]. The Collard lattice (Figure 1a), enclosed in a reconfigurable cell (Figure 1b), is not geometrically unique. A similar geometry is typical of many tensoresistors, multilayer magnetoresistors with magnetically different layers in the shape of a meander, and sensors based on surface acoustic waves (SAW) with counter-pin or counter-comb converters.



The number of meanders is not important. In a certain range of parameters, it is possible to assemble on a single layer an enthrakometer, a SAW sensor with counter-pin geometry, a magnetoresistor or a magnetostrictive sensor (that in recent years was repeatedly hybridized with a SAW sensor with the same geometry [232]), and a microfluidic set of channels located between meanders of the sensor layers, or within them, or above them. Compatibility of magnetic sensors of such geometry with liquid media was recently demonstrated in NASA [233], indicating a trend of introducing them into microfluidics and ferrohydrodynamics [234]).



It should be noted that the measurement and indication of the magnetic field effects of magnetron devices in microwave-induced processes of anisotropic self-organization on a chip with a magnetoresistive enthrakometer hybridized with a SAW sensor creates qualitatively new branches of acoustofluidics or microfluidics on surface acoustic waves [235,236]: “microwave chemo-acoustofluidics” and “magnetic chemo-acoustofluidics”. For example, surface acoustic waves can be generated by ferroelectric polymers such as PVDF, providing a reversible conversion of the acoustic field into the electric one (and vice versa), in particular, taking into account the features of cooperative mobility in the amorphous phase of ferroelectric polymers [237]. Considering the spectral response of the dyes introduced into the ferroelectric polymer matrix, registration of the physical and chemical processes occurring in such devices becomes possible due to the spectral shifts observed [238,239].



This ensures the qualitative novelty of descriptors analyzed by this type of device. The authors succeeded in creating a control system for magnetofluid flows (due to instabilities, based simultaneously on magnetic and ultrahigh-frequency effects synchronized by using the same magnetron device as a source of magnetic field and microwave excitation of a chip) on such a flexibly configurable architecture with non-solid channels controlled by an external field [240,241] and localized outside the channels of the microwave enthrakometer. It is possible to eliminate the overlap of descriptor signals on the chip because the layers of the meander that perform certain functions will not perform other functions (spatial separation), or with the relative pulse duration of each measuring process, the relaxation time of the parameters during each measurement cycle will be shorter than the time until the data collecting mode stops and the new measurement cycle with another parameter begins (for which the first unfixed parameter is a passive interval)—temporal separation.



From our perspective, it is possible to integrate the new features of laser spectroscopy into the above system (TDLS, particularly, TDLAS based on vertically emitting lasers, VSCEL, or DFB-lasers with distributed feedback) [227]. However, their application is limited to the catalymetric processes in which one of the products or reagents is present in the gas phase (similar to most methods of intracavity absorption spectroscopy, such as CRDS / CRLAS, NICE-OHMS, etc.). From the kinetic point of view, the concepts and technologies of control of the microwave-induced self-organization on chips using gas laser spectroscopy as a complementary method give a new analytical tool in microwave photochemistry [227], suggested by Církva et al. [228].



In summary, the following potential application areas in fundamental studies, particularly in physical and analytical chemistry and electrochemistry, can be suggested for the devices proposed:




	
Electrochemical sensing and microwave-enhanced electroanalysis



	
Studies of the adsorption phenomena at the microwave range



	
Microwave catalymetry and analysis of the mechanisms of microwave catalysis



	
Study of the intermetallic compound formation, electrosynthesis of organometalic compounds and intermediates



	
Combination of the microwave sample preparation with microwave operando spectroscopy on the enthrakometric surface



	
High-frequency thermal analysis on the enthrakometric chip



	
Kinetic analysis of the microwave-induced processes on the surface of platinum enthrakometers



	
Combination of electrochemical measurements on the polarographic enthrakometric electrodes with EPR methods in a microwave range



	
Monitoring of generation of the reactive radical species in aqueous systems during electrochemical measurements



	
Capillary electrophoresis, including electrophoresis in radio frequency fields.








Beyond the above mentioned fundamental application areas, there are also a number of industrial applications where enthrakometric labs-on-a-chip can also be rather useful, such as:




	
Operando spectroscopy in catalytic microreactors for the fine chemical synthesis



	
Design of novel hybrid sensors combining bolometers and chemosensors



	
Design of chemotrons and chemotronic devices for electrochemical engineering



	
Local microwave regulation of the synthesis processes on the surface of a platinum chip-enthrakometer as an absorber of microwave power



	
Thermal diffusion Pt-doping of superionic materials during their microwave-induced formation on a platinum surface of the enthrakometer



	
Design of the devices providing the microwave field-assisted ion transport and ion exchange (e.g., during the glass hardening process)



	
Application of enthrakometers for technological control in microwave accelerators, from klystron two-beam accelerators, microwave undulators and conventional microwave linear accelerators to auto-resonant aggregates and inverse Cherenkov accelerators



	
Integration of several types of physical sensors for industrial processes on a single platform (multilayer and multi-meander sensors on the enthrakometer platform).
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Figure 1. (a) The enthrakometer grid, (b) The grid assembly (by Collard) [2]. Reproduced with permission of the Institution of Engineering and Technology. 
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